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STEELS FOR AIRCRAFT BEARING APPLICATIONS’
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Aircraft turbine bearings must operate under severe conditions of
both load and temperature. An important problem is to increase both en-
gine reliability and performance by increasing the bearing life of pres-
ently used alloys and by applying new alloys with greate? strength at
elevated temperature.
The com&on bearing steel 1s SAE 52100 heat treated in the range be-
tween 58 and 62 R.. A gradual improvement in SAE 52100 bearing life has
been observed over the past 10 years. As pointed out by Cobb (1) this
has probably resulted from jmproving the cleanliness of the steel. Thus,
Barnes and Ryder (2) have shown that the minimum bearing life of SAE 52100
is greatly improved by vacuum melting. Similar beneficial effects of
vacuum melting have been reported by Frith (3) and Styri {4) on the ro-
tating beam fatigue strength of this alloy, and by Ransom (5) on the fa-
tigue strength of SAE 4340. Q v
The need for satisfactory bearing performance at temperatures ex-
ceeding the useful range of SAE 52100 has lead to the consideration of
vacuum melted tool steels (1), (3), (6), and (7). These steels exhibit

strong secondary hardening characteristics and hardnesses of 60 R, and

above may be obtained by tempering at temperatures somewhat over 1000° F.
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Qery little informatioen exists regarding the static mechanical properties
or the fatigue chaqacteristics of such steels. However, the properties
in static bending have been reported by Grobe and Rbberts (8) and by
Hamaker, Strang and Roberts (9). Values of bend strength increase with
increasing hardness to over 600,000 psi at hardnesses exceeding 60 R,.
The direct evaluation of effects of melting practice, heat treat-
ment or alloy composition on bearing life are greatly complicated by

the large number of tests necessary and complex nature of the equipment.’

- The above discussed beneficial effect of vacuum melting on both labora-

tory fatigue properties and bearing life suggest that there may be at
least a qualitative relation between the results of these two types of
tests. Furthermore, it has been claimed by various investigators that
the bending fatigue endurance limit for heat treated steels is directly
proportional to the tensile strength. However, such a simple relation
appears to be at best confined to low hardnesses and restricted to cer-
tain compositions (3), (10) and (11). More recently, it has been hypoth-
esized by Cohen and his coworkers (12) and (13) on the basis of rather

meager evidence that both the tensile elastic limit and the endurance

‘limit of low alloy steels are similarly related to the hardness. It is

suggeéted that the well known decrease 1in.elastic limit at high hardness
levels is associated with a corresponding decrease in endurance limit.
It might therefore be possible to estimate the influence of a given
metallurgical variable on the bearing life by examining its effect on
the tensile elastic limit, or perhaps on some other static mechanical
property. To critically examine such a possibility data is needed for
the static, compressive and fatigue properties over a wide range of

hardness.
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The object of the present investigation was to establish the influ-
ence of heat treated hardness level on the room temperature and 350° F
static and fatigue properties of electric furnace melt and vacuum melt
SAE 52100 and on the room temperature static properties of three tool
steels. The static and fatigue properties of the tool steels were also
investigated for one hardness level (62 R,) at both room temperature and
500° F. 1In addition, a few tests were made to investigate the influence
of ﬁinor variations in heat treatment on the 500° F fatigue strength of
the tool steels. An attempt was made to determine the magnitude of first
and second order residual stresses for all alloys as a function of hard-
ness level. The results are analyzed to permit comparison of the mechan-
ical properties of the tool steels with those of SAE 52100 and to explore

the possibility of a relation between static and fatigue characteristics;////

MATERIAL
Three electric furnace heats and one induction vacuum melted heat of
SAE 52100 were investigated. Two of the electric furnace heats (Nos. 2
and 3) were available only in small quantities and represent material for
which bearing iife data was determined in another investigation (see

appendix II). Three induction vacuum melted tool steel compositions;

Halmo, M-1 (AISI TMO) and (AISI M-50) were also included. The composition N

and source of all these materials is given in Table I. With the exception,

of SAE 52100, Heats 2 and 3, all alloys were received as 1/2 inch diameter
5

rod. These latter two heats were furnished in 9/16 inch diameter. =
[
(o
O

The hardibility of the two principal heats of SAE 52100 is shown ind

figure 1 in comparison with typical data supplied by one steel company. (EB‘ \315

The ASTM inclusion ratings for the various alloys are given in table II. E;;Jwaﬂ< ;f
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The various heat treating schedules employed are given in Tables IIT
and IV. These include a series of experimental treatments designed to
yield a range of hardness from 50 to 65 R,. In addition, commercial heat
treatments are included which yield a hardness of about 62 R, and are

presumably representative of present day bearing practice.

PROCEDURE

The very high hardness level of the steels and the consequent limited
plasticity required that special techniques be employed in the tension
tests to minimize bending stresses caused by misalinement. Similar pre-
cautions were necessary in the compression test to obtain reliable values
of the elastic properties and yield strengths. Specimens were rough
machined from the bar stock to about 0.035 inch oversize, heat treated
and then finish machined by grinding and polishing.

Tension and compression testing. - Tensile specimens with highly

concenﬁric ground threads, figure 2, were employed in conjunction with

an axial loading fixture (14). This technique permitted reliable tensile
strengths to be determined at the highest hardnesses. Compression tests
were performed in a ball bearing dle set using heavy parallel ground com-
pression anvils with a special centering device. As a further aid in re-
ducing bending stresses the edges of the accurately machined, square

ended compression specimens were slightly rounded, Room temperature
checks of the alinement were made using three wire resistance gages spaced
120° apart on longitudinal elements of the specimens. Typical examples of
elastic stress-strain curves from these three gages are shown in figure 3
for a tension and compression specimen. Perfect alinement would be indi-

cated by identical curves from the three gages. As can be seen, this ideal
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condition is closely approached, the meximum bending stress being approxi-
mately 1 to 2 percent of the average tensile stress and 2 to 4 percent of
the average compressive stress.

For elevated temperature testing fundamentally the same techniques
were employed. In the case of compression tests the anvils were extended
inside of a split furnace. For both tension and compression tests the
temperature variation along the gage length was within +2° F.

Fatigue tests. - The specimens employed at room temperature were of

standard design, figure 4, and finish polished in the longitudinal direc-
tionl. Standard R. R. Moore rotating bending fatigue machines were em-
ployed for testing these specimens.

For tests at elevated temperature the specimens, figure 4, were pro-
vided with a l% inch cylinderical length at each end. This design per-
mitted the installation of a tubular-electric resistance furnace over the
test section. In order to accommodate the furnace the fatigue machines
were modified to increase the distance between the spindles by 3% inches.
A water cooled jacket was fixed between the face of each spindle housing and
the furnace end. Temperature control was effected by means of a thermo-
couple inserted into a bore through one end of the specimen which termi-
nated 7/8 inch from the minimum dismeter. The temperature variation at
the test section did not exceed +10° F.

Strain measurements. - The determination of elastic limit in tension

and compression at room temperature was by a "load release" method which

has been employed previously by other investigators. For this method an

lFinish polishing was done in three steps using wet 80, 280, and 500
grit paper in this order.
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SR-4, Advance wire strain gage was Duco cemented to the specimen and the
load was incressed in increments, unloading after each increment. The
permanent set (pastic strain) after each unloading was recorded. Theo-
retically the elastic limit would be represented by the highest stress
value not producing plastic strain. The curve resulting from a plot of
the stress agalnst permanent set should be verticle (zero plastic strain)
up to the elastic limit and then exhlbit a éontinuous deviation in the
direction of increasing plastic strain. Curves of this nature have been
reported by MacAdam (15) using highly sensitive mechanical strain gages.
Unfortunately, the use of SR-4 gages introduces difficulties. These are
menifest by the indication of "reverse" plastic strains. This peculiar
behavior is illustrated in figures 4 and 5 for tensile and compression
tests respectively. Similar behavior has previously been reported by
Muir, Averbach and Cohen (12) for tensile tests on low alloy steels.
These investigators attributed it to an effect characteristic of the
metal itself. However,; it may be explained by behaviors characteristic
of the strain gage which are encountered at very high strains. Wire re-
slstance strain gages are generally employed at stresses much below those .
at the elastic limit of very hard steels. Under normal conditions the
elastic 1limit of the wire is not exceeded throughout the test. However,
An these tests the elastic 1limit of the wire was undoubtedly exceeded.
Thus, the 0.2 percent yield strength of Advance wire is reported (16) as
65,500 psi. This would correspond to 82,000 psi stress in a steel speci-
men. It has been shown (17) and (18) that zero drift is encountered when
the elastlc limit of the wire is exceeded. Since, this elastic limit is

below 65,000 psi, the permanent set data reported here can be considered
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reliable only at specimen stresses somevwhat below 82,000 psi. The authors
ascribe the observed reverse strains primarily to zerobdrift of the gage.
This zero drift in combination with residual stresses could produce the
pecullar variation in the amount of reverse strain with hardness and its
different magnitude in tenslon and compression. Therefore, no real
quantitative value of the elastic limit can be derived from the reported
load release data. However, for purposes of comparison an "elastic limit"
is defined as the highest stress resulting in an indicated zero plastic
strain.

The 0.2 percent yield strength was determined on the same specimens
used for the load release curves by extending the SR-4 readings slightly
beyond 0.2 percent strain. This rather unconventional menner of deter-
mining yield strength was checked by use of an extensometer. Yield
strengths determined by these two methods were essentially identical,
as might be expected, considering the flatness of the flow curve in the
yield region.

At elevated temperature strains in the tensile tests were determined
by means of a Baldwin PS 5M microformer type extensometer attached to the
specimen heads. The sensitivity of this instrument and its recorder was
approximately 200 microinches per inch. In the elevated temperature com-
pression tests the extensometer was arranged to sense the movement of the
die set plattens. No attempts were made to determine elastic properties

at elevated temperatures.




RESULTS

The results obtained establish the influence of hardness (50 to 65 R.)
on the room temperature static tensile and compressive properties of several
heats of SAE 5210C and three tool steels. In addition, the 350° F static
properties of an electric furnace melt of SAE 52100 aré presented as a
function of hardness. Static properties at 500° F are shown for the three
tool steels heat treated to 62 R, by a typical commercial heat treatment.
In plots of the static properties the points shown are the average of at
least two tests unless otherwise indicated. The spread between duplicate
tests was in general less than 5 percent with a few elastic limit values
differing by x15 percent.

Fatlgue properties at room temperature are established as a function
of hardness level (50 to 65 R,) for several heats of SAE 52100 and for
the three tool steels commercially heat treated to 62 R,. Fatigue data
at 350° F is also presented for an electric furnace melt and an induction
vacuum melt of SAE 52100 at several hardness levels. Fatigue properties
at 500° F for the three tool steels are presented for one hardness level
(62 Rc) obtained by a commercial and experimental heat treatment. Since
the number of fatigue specimens available were quite limited, the majority
of tests were confined to the lower stress levels, in order te best esti-
mate the fatigue strength hetween 5x107 ana 108 cycles. The accuracy of
the fatigue strength at 108 cycles is in no case better than +10,000 psi.

Static properties of SAE 52100. - The various heats of SAE 52100

Possess only slight differerces in their room temperature elastic limits
and yleld strengths, tigures 8 and 9 in both tension and compression over

the entire hardness range. Tensile strengths exhibited somewhat greater




differences particularly at hardnesses above 58 R,. Surprisingly the
highest tensile strengths are observed for an electric furnace melt and
not as might be expected for the vacuum melt.

The influence of hardness on all room temperature static strength
properties except the compressive yield strength is similar, in that a
nearly linear increase in strength is observed up to 58 R,, the strength
values then continuously decrease with increasing hardness. In contrast,
the compressive yield strength increases linearly to the highest hardness.

According to figure 9 the 350° F static properties of electric fur-
nace melt SAE 52100 increase with hardness up to about 58 R, and then re-"~
main essentially constant.

It is noted at both room temperature and 350° F that the static
properties in compression are distinctly higher than those in tension.

Static properties of the tool steels. - The room temperature static

properties of the tool steels are shown in figures 10 and 11 as a func-
tion of the hardness. Some rather complex and unexpected trends are ob-
served. While these are clearly indicated by the avallable data, addi-
tional tests would be necessary to establish them as general behavior
for the alloys in question.

With the exceptiqswof the elastic limits the three tool steels differ
little in their static propertieé except at the highest hardnesses. A%
hardnesses gbove about 62 R, the Halmo appears to possess the highest,
and M-1 the lowest tensile ultimate and yield strength. The compressive
yield strengths at high hardnesses are at essentidlly identical with the

exception of the anomalous behavior of MV-1 at 62 R,. The elastic limits
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in both tension and compression exhibit unexpected behaviors which rehder
a comparison of the steels regarding this property difficult. Generally,
it would appear that Halmo exhibits elastic limits higher than either M-1
or MV-1 at hardnesses less than about 60 R,. At higher hardnesses irregu-
larities in the elastic limits are observed. However, Halmo appears to
yield consistently high values.

The influence of hardness on the room temperature tensile yield
and ultimate strengths appears reasonably well esta;blished° These strength
values increase nearly linearly with hardness up to a maximum at about
62 R, with the exception of Halmo which exhibits a continuous linear in-
crease to the highest hardness. The compressive yield strength shows a
similar linear increase up to a hardness of about 62 R, for Halmo and M-l.
For MV-1 an unexpected minimum was observed at 62 R.. Generally, the
elastic limits in both tension and compression increased with hardness up
to a hardness between 58 and 62 R, depending on the alloy. At higher
hardnesses these values exhibit complex trends (particularly for MV-1)
which may or may not be real. As might be expected a decrease in elastic
limit is observed with further increasing hardness for tension tests.
For compression tests a similar indication of a maximum 1s cobs=rved for
Halmo and MV;l while the elastic limit for MV-1 passess through a minimum.

The 500° F tension yield and ultimate strength and the compressive
yield strength is given in table V. It will be noted that there is little
difference between the three tool steels at a hardness of 62 R, regarding
these static properties.

Ag was Observed for SAE 52100 the room temperature and elevated tem-
perature static properties of the tool steels in compression exceed those

in tension.
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Fatigue properties of SAE 52100. - Room temperature S-N curves at

various hardnesses are given in figures 12 and 13. It will be noted that
distinct endurance limits are not established. The results for the sev-
eral heats may be compared in figure 14 which shows the fatigue strength
at 108 cycles plotted against the hardness. It will be noted that the
induction vacuum melt appears to be superior to the electric furnace
melts. The influence of hardness on either the electric furnace or vac-
uum melted alloy is rather small, the fatigue strength being essentlally

constant from 54 to 65 Rg. ,
¢

1

At 350° F only & limited number of tests were made, figure 15, and
the induction vacuum melt was evaluated only at 62 R,. The influence of
hardness at 350° F .can be estimated by comparing the 350° F fatigue
strength at 108 cycles with that obtained at room temperature. Thus ac-
cording to figure 16 the 3500 F fatigue strength remains essentially con-
stant up to about 56 R, and then decreases slightly to a lower constant
value at hardnesses above about 60 R,. Again the results indicate the
superiority of the vacuum melted alloy.

Fatigue properties of tool steels. - The room temperature and 500° F

S-N curves are shown in figures 17 and 18 for the three tool steels heat

treated to 62 R,. Because of the limited number of tests and excessive
scatter fatigue strengths at lO8 cycles are not well established. At

room temperature the highest fatigue strengths (107 - 108 cycles) are

obtained for Halmo and the lowest for MV-1l. At elevated temperatures

the data is insufficient to establish clear differences between the steelé

or between the commercial and experimental heat treatment. The most con-

sistent results both in regard to scatter and agreement between the two
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heat treatments was obtained with Halmo and M-1 which both appear to
possess nearly equal fatigue strengths. For MV-1 the 500° F fatigue
strength appears to be highest for the commercial heat treatment which

yields strength values about equal to the other two steels.

DISCUSSION OF RESULTS
In the following section the various observed mechanical properties
will be further discussed in light of the residual stress measurements
given in appendix I and compared with previously published information.
Further, the possibility of a relation between static and fatigue prop-
erties will be explored.

Influence of residual stresses. - Maxima in the tensile and compres-

sive elastic limits and in the tensile yield strength when plotted against
the hardness have been observed in many investigations (11) of low alloy
heat treated steels. Similar behavior has also been reported for the bend
yield strength of tool steels (8) and (9) tempered to very high hardness.
In addition it has previously reported (11) and (19) that the compressive
yleld strength is higher than the tensile yield and that this difference
increases with the hardness. The magnitude of these effects appears to
depend on the heat treating practice which sets the residual pattern.
Residual stresses in the investigated steels are reported in appendix
I (see figs. I-1' and I-2). This data indicates tension strains in the
(211) planes parallel to the surface as well as high microstrains both of
which increase with hardness. Such results are not unexpected and may
explain 1in part the shape of the trend curves when the static properties
are plotted against the hardness, as well as the difference in strengths

observed between tension and compression. The microstrains cause early
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deviation of the stress strain curve from linearity and tend to depress
the elastic limit and yield strength. The first order residual stresses
arise primarily from compressive plastic surface deformations occurring
during the quenching cycle. Tt may be assumed that on subsequent testing
these surface fibers are subject to a type of "Bauschinger Effect."” 1In
tensile tests both the microstrains and this Bauschinger Effect combine
to depress the flow curve at small plastic strains. These effects are
reduced by tempering and consequentiy are most pronounced at the highest
hardnesses (lowest tempering temperatures).

Thus, the static tensile yield and elastic limits pass through a
maximum at some high hardness level. A maximum in the tensile ultimate
is observed at approximately the same hardness since the fracture duc-
tilities are so low (less than 2 percent) that neither the Bauschinger
Effect nor the microstrains are completely eliminated by plastic flow.
In compression the Bauschinger Effect is absent and consequently the
elastic limits and yield strengths are higher than in tension and the
maxima are absent.

Regarding the fatigue strength it might be expected to increase con-
tinuously with hardness in the absence of other effects. However, as
seen from figure 14, it remains essentially constant above 52 R,. The
same phenomena discussed above may be associated with this behavior.

The fatigue test is, however, much more complex than the static tests

and it is not possible to make meaningful conclusions from the limited
data available. The literature (20), (21), and (22) only serves to em-
phasize the complexity of the problem when residual stresses are intro-

duced primarily by heat treatment or machining.
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Comparison of fatigue strengths for SAE 52100. - The present result

that the fatigue strength of SAE 52100 does not decrease at high hardnesses
is supported by less extensive data from several previous investigations
(3), (4), and (23). This behavior is in contrast to the results of Gerwecd
Zurburg, and Erickson (24) who report the endurance limit for a number of
low alloy steels passes through a maximum at high hardness levels. Appar-
ently no generalizations can be made regarding the dependenteaf fatigue
strength on the hardness at high hardness levels.

Values of rotating beam room temperature fatigue strength at lO8
cycles for air melted SAE 52100 have been reported previously (3), (4),
and (23). At bearing hardness levels these vary considerably. For ex-
ample, Styri (4) reports about 120,000 psi for this alloy quenched and
tempered to 63.5 R,, while Frith (3) gives a value as low as 80,000 psi.
Generally, the results from those investigations (3) and (4) where a con-
siderable amount of data is available at lO8 cycles appear to indicate
that no definite endurance limit exists for SAE 52100 heat treated to
high hardness levels.

These large variations in fatigue strength cannot be simply explalned.
Fatigue properties depend in a complex manner on a number of factors in-
cluding the residual stresses resulting from quenching and/or machining;
the steel making practice and minor variations in the chemistry. As pre-
viously discussed, the effects of residual stresses are as yet obscure.
Regarding the steel meking practice it has been reasonably well estab-
lished in this and in other investigations (3) and (4) that vacuum melt-
ing increases the fatigue strength. According to Frith (3) the fatigue

strength of open hearth heats is higher than electric furnace melts. The



- 15 .

explanation for these differences produced by variations in the steel
making practice may lie in the resulting inclusion and/or residual ele-
ment content. Vacuum melting is known to reduce both residuals and in-~
clusions. Thus, the vacuum melted SAE 52100 has a lower residual ele-
ment content (table I) and a lower inclusion count (table II) than the
air melted heats. Furthermore, it is noted that there are only small
differences in the inclusion counts of the three air melted heats but
that the room temperature fatigue strength of these three heats increases
with a decrease of residual elements. These observations regarding the
inclusion constant are difficult to account for on a quantitative basis.
Thus, microexamination of fractures in this investigation failed to re-
veal any significant difference in their inclusion patterns. This ob-
servation is in accord with the results of Hyler, Tarasov, and Favor (25)l
who report no positive correlation between fatigue strength and the size
or location of inclusions in an SAE 52100 type steel. In contrast, Stulen,
Cummings, and Schulte (26)l report the fatigue strength is strongly de-
pendent on the size and location of inclusions.

Of interest in this connection is the work of Butler, Bear, and Carter
(28) and Bear and Butler (29). It is shown that the failure of balls in
simulated service tests occurs preferentlally at the location of inclusions.
Furthermore, when the rolling direction was so controlled that the maximum

stress was perpendicular to the fiber the ball fatigue life was considerably

lThese investigators examined fractured specimens. Negative conclu-
sions were reached by Starkey, Marco, and Gatts (27) for SAE 4330, 4340,
and 4350 on the basis of a statistical analysis of fatigue data and the
SAE inclusions count on unfractured specimens.
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reduced. These observations point to the importance of inclusions in
ball bearing epplications.

Effects of elevated temperatures. - A comparison of the static prop-

erties of electric furnace SAE 52100 as a function of the hardness is
shown in figure 19 for room temperature and 350° F tests. The effect of
increasing the test temperature conforms to the previously established
behavior of low alloy steels (11). Thus, up to a hardness of about 58 Re
the tensile strength is little reduced by the increase in test temperature,
while the yield strength in tension or compression at 350O F is 10 to 15 |
percent lower than at room temperature. At hardnesses up to about 58 R,
the steel is quite stable. However, at 62 R. and above the 350° F test
temperature is close to or exceeds the tempering temperature and the struc-
ture 1s unstable., This instability permits a reduction in both micro-
strains and the previously hypothesized Bauschinger Effect. The result
is a slightly higher tensile yield and ultimate at 250° F compared with
room temperature and an increase in the spread between the compressive
yleld strengths at these two temperatures.
- Raising the test temperature from room to 350° F results in approxi-
mately 15 percent loss in SAE 52100 fatigue strength up to 54 R, (see fig.
16), . At higher hardnesses the test temperature approaches or exceeds
the tempering‘temperature and specimens soften during the test. As might
be expected the 350o F fatigue strength then decreases to a nearly constant
value at hardnesses above 58 Re. In this range it is about 25 percent !
lower than the room temperature fatigue strength.

The 500° F properties of the tobl steels in comparison with those
at room temperature are given in table V for s hardness of 62 Ro. At 500° F

the tool steels should be quite stable and the effect of test temperature
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would be expected to parallel that described above for SAE 52100 tempered
to hardnesses less than 58 R,. However, somewhat different behaviors are
observed. Raising the test temperature to 500° F reduces the tensile
strength of the three tool steels by about 10 percent, the compressive
yield by about 15 percent, the fatigue strength by as much as 20 percent
(Halmo) and has essentially no effect on the tensile yield.

It 1s interesting to compare the 62 R, 350° F mechanical properties
of vacuum melt SAE 52100 with those of the tool steels at 500° F. Accord-
ing to table V the static tensile strength of the tool steels at 500° F
is essentially equal to that of vacuum melt SAE 52100 at 350° F. However,
the tool steels are definitely superior in regard to their tensile yield,
compressive yield and the fatigue strength.

Comparison of static and fatigue properties. - Recently it has been proposed

(12)(13) that the endurance limit and the elastie limit of hardened alloy
steels may be similarly related to the hardness. Examination of this
data reveals that there is very meager evidence to support the hypothesis.
Furthermore, the results of the present investigation do not confirm the
proposed relationship. Thus, referring to figures 7 and 8 the room tem-
perature tension and compressive elastic limits of several SAE 52100 heats
decrease at hardnesses above about 58 R,. However, the room temperature
fatigue strength for the same heats, figure 14, remains essentially con-
stant between 52 R, and 65 R;. IF may be argued that true elastic limits
were not established. However, the elastic limits previously reported
(12) and (13) were obtained by essentially the same method used in this

investigation and therefore may be subject to the same deficlencies.
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A related observation is that vacuum melting definitely improves the
room temperature and 350° fatigue strength of SAE 52100 (see figs. 14 and
15) but has little influence on the static properties (see figs. 7 and 8).

Apparently for SAE 52100 the factors which control the static and
fatigue properties are fundamentally different and nelther are as yet well

understood.

CONCLUSIONS

The complex nature of the phenomena observed and the limited number
of tests performed render difficult the formulation of quantitative con-
clusions regarding the influence of alloy composition on the strength
values. Furthermore, it is not considered that true elastic limits were
determined nor were the 500° F fatigue strengths of the tool steels well
established. However, for practical purposes the following conclusions
appear substantiated:

1. Heat treated to yleld hardnesses between about 50 and 58 Re» the
room temperature tensile ultimate, tensile yield and the compressive yield
strengths of SAE 52100 and the three tool steels increase nearly linearly
with hardness. At a given hardness in this range only small strength dif-
ferences are noted among the various steels.

2. At higher hardnesses the above relations at room temperature are
generally maintained only for the compressive yield strength. The tensile
static properties with the exception of Halmo exhibit a ﬁaximum at a cer-
tain hardness and then decrease with further increases in hardness. Thus,
at hardnesses above about 60 R, Halmo appears to exhibit the highest ten-

sile strength characteristics.
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3. The room temperature fatigue strength (lO7 - 108 cycles) at a
hardness of 62 R; is nearly ildentical within the limits of scatter for
vacuum.melt SAE 52100 and the three tool steels.

4. At a hardness level of 62 Rp the tool steels tested at 500° F
pdssess static and fatigue properties superior to those of SAE 52100
tested at 350° F.

5. The fatigue strengths of SAE 52100 at hardnesses between 50 and
65 R, are improved by induction vacuum melting.

6. A corresponding effect of vacuum melting is not observed for the
static properties of SAE 52100.

7. No relation was found between any of the measured static properties

and the fatigue characteristics.
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APPENDIX I: X-RAY DIFFRACTION STUDIES OF
SEVERAL 52100 AND TOOL STEELS

Finish machined tensile specimens from two heats of SAE 52100 and
the three tool steels were subjected to an X-ray diffraction study in an
attempt to determine residual stresses of first and second order as well
as the presence or absence of retained austenite and carbides. These
studies were made on a General Electric XRD-5 diffraction unit with a
proportional counter using vanadium oxide filtered chromium Ko radiation.

The interplanar spacings of the (211) planes parallel to the surface
are shown in figure I-1 as a function of hardness and the (211) diffrac-
tion line width at one half intensity as a function of hardness in fig-
ure 2(a). Table IA gives the indications for retained austenite and
carbides.

From figure 1(a) it can be seen that the d(211)-value increases for
all steels with increasing hardness level. Since this d4(211) vaiue was
determined from planes orilented parallel to the specimen surface an in-
crease in residual compressive stress is indicated. Based on this con-
cept a change of the d(211) value by 0.0010 X represents a change in stress
of approximately -30,000 psi. However, this figure can be used for order
of magnitude type comparisons anly.

According to figure II-2 the (211) line width also increases with
increasing hardness level. Among the factors responsible for increase in
diffraction line widths are microstrains, particle size, plastic deforma-
tion etc., the most significant contribution in the present case probably

being microstrain. On this basis an increase of the line width at half
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intensity of 1° corresponds to an increase of the microstrain level of
approximately 2x10"°. This flgure can also serve for semi-quantitative
evaluation only.

The amount of retained austenite, table IA, tended to increase some-
what at the higher hardness levels for all alloys. A similar increase was
observed for the carbides except for the SAE 52100 vacuum melt and MV-1
which gave no carbide indications at any hardness level. The differences
between the various alloys in respect to retalned asustenite and carbides
is considereble. Only traces were found fog'the two heats of SAE 52100.
In contrast, M-l showed strong indications of retained austenite and car-
bides at the highest hardness level (6% Re)«. There does not, however,
appear to be any definite correlation between these indications and the

reported mechanical properties.
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APPENDIX IT: COMPARISON OF BALL BEARING LIFE DATA WITH
ROTATING BEAM FATIGUE RESULTS

Two of the SAE 52100 electric furnace heats, numbers 2 and 3 of the
present investigation were evaluated in complete ball bearing tests at
room temperature by the Physical Testing Laboratory of the Marlin—Rockwe}l
Corp., Jamestown, New York. In addition, a SAE 52100 induction vacuum
melt was also subjected to the bearing tests, however this was not the
same heat presently reported. The authors are indebted to Mr. D. Lundquist
of Marlin-Rockwell Corporation for supplying the ball bearing endurance
data for comparison with the fatigue strengths reported in this investigation.

For the bearing tests inner rings, outer rings and balls of the 207-S
size were fabricated by MRC. Test conditions were as follows: 2750 rpm,
1750 1bs radial load and jet applied lubrication with SAE No. 10 oil. The
results of these tests are shown in figure 1I-1 on a Weibull plot. One
characteristic of bearing performance which can be derived from this plot
is the median life (50 percent failures). On the basis of this criterion
the three heats rate as follows: vacuum melt, low residual and high re-
sidual. It will be noted from figure 14 that the same rating for heats
numbers 2 and 3 was obtained from the rotating beam fatigue data at a
hardness of 62 R,. Furthermore, both the rotating beam data and the ball
bearing data reveal the superiority of vacuum melted material.

From this limited information the authors do not wish to suggest
there is a definite correlation between rotating beam data and ball bear-
ing performance. The general opinion in this country has not favored the
existence of such a relation. However, the authors are not aware of any

published systematic data which conclusively disprove its existence.
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- CHEMICAI COMPOSITICNS FOR
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THE INVESTIGATED STEELS

ALLOY C | Mn P g i | Cr v W | Mo | Cu [ Ni

| SAE 52100% ,
Electric Furnace {1.03]0.32|C.0L [0.02 [0.29]1.49 - - {0.01]0.05(0.08
Heat No. 1

SAE 52100%%

Electric Furnace [1.02|0.41|0.009{C.012]0.30(1.43| - - 10.0210.,11}0.08
Heat No. 2

SAE 52100%%

Electric Furnace [1.06]0.%4|0.012{0.009|0.3011.43 - - 10.02]0.12{0.13
Heat No. 3

SAE 52100% ,
Induction Vacuum |1.05[3.37(C.0C2(C.0C7]0.26]1.501 - - |tr 0 (0,02

#*

Halmo

Induction Vacuum [C.59[0.31{C.005([C.C0711.1C|4.72(0.51] - [5.22] - -
M-1 (ATST TMO)¥

Induction Vacuum | 0.80(0,25|C.0CH 207(0.3215.7%]1.15[{1.5318,54 [0.01 |0.07

- *

MV-1 (AIST M-50)

Induction Vacuum [0.8110,2610.004 |C.C07|C,14(23.97|1.C71C.C114.2910,01 10.05
*Crucible Steel Co., Syracus=, New Tork.

**Marlir. Rockwell Corp., Jamzctown, Now Yook
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TABLE IA. - INDICATIONS FOR RETAINED

AUSTENITE AND CARBIDES

Alloy |Code¥® |Re 50|Rc 54|Re 58 |Re 62 |Re 65
| 52100 ¢ - - - - tr
| Heat No. 1} A - - - tr tr
152100
{ Induetion c - - - - -
1Vacuum A - - - tr tr
i

Halmo c - - tr W W
A - - tr W W
M-1 ¢ s S s s s
A - tr tr tr s
MV-1 c - - - - -
A - W W W 7
*Code

¢ = Carbide indication

A = Austenite indication
s = strong

w = weak
tr = trace |
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TABLE II. - INCLUSION COUNT ACCORDING

TO JK CHARTS (ASTM E 45-51)*

Alloy Thin Heavy

|

| A B ¢ DJ|A B C D

| SAE 52100

| Heat No. 1 2.0 1.5 3.0 2.0 [1.0 1.0 1.0 1.5
SAE 52100

 Heat No. 2 2.0 1.5 2.0 3.0 0.5 1.0 1.0 1.0

' SAE 52100

' Heat No. 3 1.5 3.0 2.02.0| 0 1.0 1.0 1.5
SAE 52100
Induction Vacuum | 0.5 2.0 0.51.0[ 0 0 O O |

1

Halmo 0.52.0 0.52.0| 0 0 0 0.5
M-~1 0.51.5 0.52.0{ 0 0.5 0 0.5
MV-1 0 1.0 0 1.5}0 0 0 O

*Determined by Allegheny Ludlum Corp., Pittsburg, Pa.

**One field, average rating - 1.0,
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I1TI. - HEAT TREATMENT

SCHEDULES FOR SAE 52100%

Alloy Hardness, Heat treatment
Re
Austen- | Quench | . 1st Temper .2nd Lrhr
itizing temp., time, | temper temp.,
temp. , hr OF
°F
Lo 50 320 0.5 775
SAE 52100 54 . 320 0.5 600
Heat No. 1 58 1535 0il 320 0.5 525
62 320 0.5 350
65 300 0.33 -
50 320 0.5 785
SAE 52100 54 320 0.5 700
Heat No. 2 58 . 1535 0il 320 0.5 545
62 320 0.5 365
65 300 0.33 -
50 320 0.5 785
SAE 52100 54 320 0.5 700
Heat No. 3 58 1535 0il 320 0.5 545
62 320 0.5 365
65 300 0.33 -
50 320 0.5 750
SAE 52100 54 o 320 0.5 625
Induction Vacuum 58 1535 0il 320 0.5 500
62 320 0.5 340
65 300 0.33 -

¥*Heat treated by Marlin Rockwell Corp., Jamestown, New York.




- 30 =

TABLE IV. - HEAT TREATMENT PROCEDURES

FOR TOOL STEELST’Z

Alloy | Type of Jeat treatment Hardness
heat Rc
treatment | Austen- | Quench lst 2 hr 2nd 2 hr 8pPTOX .
itizing temper temp., | temper temp.,
temp., °p °p
Op
1145 50
1115 54
Halmo | Experi- 2100 Air 1000 1090 58
mental 1060 62
- 65
Halmo | Commer- 2100 0il 1000 1000 62
cial
1200 50
1170 54
M-1 Experi- 2200 0il 1000 1150 58
mental 1120 62
- €5
M-1 Commer - 2200 0il 10C0 1000 62
cial
1200 50
1160 54
MV-1 Experi- 2050 0il 1000 1125 58
mental 1060 62 k
e 65 i
MV-1 Commer- 2050 0il 1000 1000 62
' clal l

lHeat treated by Marlin Rockwell Corp., Jamestown, New York.

2p11 specimens preheated at 1500° F.
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TABLE V. - EFFECTS OF ELEVATED TEMPERATURE ON MECHANICAL

PROPERTIES OF VACUUM-MELTED BEARING STEELS AND

SAE 52100 VACUUM MELT AT A HARDNESS OF 62 R,

Alloy |Temperature, Tensile Compressive | Fatlgue strength,
‘ yield, 107 cycles psi
Strength, | Yield, psi
psi psi

52100 Room 340,000 | 240,000 | 400,000 130,000
350 340,000 | 260,000 | 290,000 95,000
Halmo¥ Room 370,000 | 310,000 | 410,000 140,000
500 335,000 | 310,000 | 340,000 110,000
M-1% Room 370,000 | 310,000 | 420,000 130,000
, 500 350,000 | 300,000 | 355,000 110,000
Mv-1%* Room 370,000 | 295,000 340,000 125,000
500 335,000 | 300,000 | 340,000 100,000

*Commercial heat treatment, see table IV.
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Fig. 10. - Room temperature tension characteristics for
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two or more tests unless indicated.
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Fig. 16. - Comparison of room temperature and
350° F fatigue strengths at 108 cycles for an
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SAE 52100.
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Fig. I-1. - Interplanar spacing of (211) planes as a function
of hardness for various bearing steels.
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Fig. I-2. - Mean width of the (211) diffractiorn line as a

function of hardness for various bearing steels.
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BEARINGS TESTED, PERCENT
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Fig. II-1. - Complete ball bearing data for various
heats of SAE 52100 (M.R.C., Lundquist).



